In this study we produced nanostructured silicon thin lms as lithium ion battery electrodes. Films were sputtered onto stainless steel substrates from high purity silicon target via dc magnetron sputtering technique with using dierent powers. Morphology and crystal structure of lms were characterized with the use of scanning electron microscopy, X-ray diraction and energy dispersive spectroscopy analysis, respectively. The thickness of lms was measured by using surface proler. Coin type test cells were assembled in argon lled glove box.
Introduction
Rechargeable lithium (Li) ion batteries, which have lots of advantages such as high energy density, low cost and environment-friendly, are the most successful energy storage devices. Current research into Li-ion batteries is focused on enhancing its energy density and cycle life by changing the electrode materials. Silicon (Si) is a very attractive option because it has the highest known theoretical charge capacity (about 4200 mAh g −1 ) [13] . Current Si anodes, however, suer from early capacity fading caused by pulverization from the stresses induced from large volumetric changes that occur during charging and discharging. During lithiation, the Si crystal structure changes and a maximum volume expansion of < 400% may occur. The electrical contact loss because of the cracking that results from huge volume changes hinders the commercialization of Si [46] . Despite the challenges of commercialization on Si based anodes for Li-ion batteries, a great concentrate has been focused to develop Si anodes via dierent forms of silicon such as, nanoparticles [7, 8] , composites [912] , nanowires [13, 14] . Using nanostructured silicon thin lm is another reasonable way to improve cycle life of silicon anodes.
In this study thin lms of silicon were deposited onto stainless substrates as Li-ion battery anodes and electrochemical performance of coin type cells was tested to determine the optimum parameters for extended life of lithium ion battery.
Experimental details
Nanostructured Si anodes were manufactured via dc magnetron sputtering. Pure metallic silicon has been deposited onto stainless steel substrates using three dierent powers. Before starting to deposition, coating chamber was evacuated to 10 −4 Pa by a turbo molecular pump and then back lled with argon up to 0.5 Pa as working pressure. High purity metallic silicon target (99.999% purity) having a diameter of 2 was used as silicon sputtering source and 150 W, 175 W, 200 W dc powers have been employed under argon atmosphere for deposition process. Thicknesses of lms were measured by a surface proler (Tencor P-6) and were found to be 400 nm, 550 nm, 700 nm with changing dc power respectively for 150 W, 175 W, and 200 W. The active substance amount of lms was estimated assuming that the density of silicon is 2.33 g cm
The crystal structures of deposited lms were investigated by X-ray diraction (XRD) (Rigaku D/MAX 2000 with thin lm attachment) with Cu K α radiation. The morphology of the lms was observed with scanning electron microscope (SEM, JSM-6060 LV system) and presence of silicon veried via energy dispersive spectroscopy (EDS) analysis.
Coin-type (CR2016) test cells were assembled in an argon-lled glove box, Si thin lms as the working electrode, a lithium foil as the counter electrode, a micro porous polypropylene membrane (Cellgard 2400) as the separator, and 1 M solution of LiPF 6 in ethylene carbonate and dimethyl carbonate as the electrolyte. The cells were cyclically tested on a MTI Model BST8-MA electrochemical analyzer using constant current density of 800 mA/g over a voltage range of 0.22 V.
Results and discussions
No reections except those of the chromium coated stainless steel substrate were detected by XRD analysis of the sample. Thus, the deposited silicon is considered amorphous (a-Si). It is reported that the amorphous silicon seems better than crystalline silicon for electrochemical performance of battery, because amorphous materials are more durable to volume expansions and have more open structure for Li lms. It is clear from SEM images that lm structure consists coarse particles approximately 1 µm sized. Fig. 1 . Scanning electron micrograph of silicon thin lms: (a) coarse particle structure seen at lower magnication, (b) the real nanosized grain structure of silicon lm at higher magnication.
Also it could be seen that the lm structure is not quite dense which provides more ion transportation ways. Porous structure of silicon anode makes it absorb volumetric expansion during cycling and allows the penetration of liquid electrolyte to the structure which provides high energy density [18] . Figure 1b shows the lm structure at higher magnication. It is noticeable that coarse silicon particles consist of ultrane nanoparticles. Figure 2 shows the EDS analysis results of silicon thin lm anode. It can be clearly seen from these results that the silicon atoms were dispersed homogeneously on the substrate surface. The reason of the chromium and iron presence is the stainless steel which was used in sputtering process as substrate material. Three dierent anode materials were used in assembling of cells which were deposited at 150 W, 175 W, and 200 W dc powers, respectively. Constant current densities were employed and amount of active materials estimated by assuming that lm density is 2.33 g cm −3 . Figure 3 shows the dischargecharge curves of Si lm electrode produced at 150 W dc power. Fig. 3 . The 1st and 60th galvanostatic charge and discharge plots of silicon anode at constant current density.
The rst charge and discharge capacities were found to be 825 mAh g Cyclic performance of thinner lm anode was found superior than thicker ones and showed 90% capacity retention after 60 cycles. The other anodes that have 550 nm and 700 nm thickness showed capacity retention of 30% and 9%, respectively, which are poor when compared to the thinner one [3, 19] .
Conclusions
Amorphous silicon thin lm electrodes were produced and achieved almost 2.5 times more specic capacity of 865 mAh g −1 compared to the commercial graphite anodes. The thickness eect was observed to cyclic performance of battery and it was noticed that the increasing thickness of thin lm caused the worse cycle performance of silicon anode.
